Directed self-assembly (DSA) of block copolymers (BCPs) is a promising technology for advanced patterning at future technology nodes. We use Self-Consistent Field Theory (SCFT) to model directed self-assembly (DSA) of PS-PMMA block copolymers on chemically patterned surfaces (chemoepitaxy). We consider the scenario in which the surface is covered by a neutral brush, in which PS-preferential guiding lines are written. The lines have width W and the period of the line pattern is denoted as P. After the DSA process, one expects to see a lamellar pattern with period (P/n), where n is the line multiplication factor. Using SCFT, we investigate the stability of the templated lamellar pattern as a function of (P/L 0 ) and (W/L 0 ), where L 0 is the bulk lamellar period. We find that the pattern is most stable if the guiding stripe pattern has a width which is slightly larger than the equilibrium lamellar half-period, and roughly corresponds to (W/L 0 ) = 0.5--0.6, in agreement with earlier studies. The stability of the pattern also depends on the multiplication factor, n; as n is increased, the free energy differences between various morphologies diminish, making the formation of defects more likely. This has significant impact on the practicality of chemoepitaxy for sub-30 nm line and space applications.
Introduction
Block copolymers (BCPs) represent a promising materials platform for advanced lithographic patterning because of their capability to self-assemble into regular structures with nanometer size domains ranging from ca. 5 to 50 nm. [1, 2] These nanometer size domains also span a range of shapes, including cylinders and lamellar stacks that resemble features commonly used in lithography. [3] [4] [5] Control over both orientation and placement relative to the substrate are critical to form useful features with BCP morphologies. Many techniques, commonly referred to as directed self-assembly (DSA), have been developed to control the ordering of thin-film BCP morphologies in attempt to control the placement and produce the required "single crystal" morphologies. [6] [7] [8] One approach for line/space patterning, termed chemoepitaxy, utilizes a sparse chemical pattern that aligns a lamellar morphology of polystyrene-block-poly(methyl methacrylate) (PS-PMMA) ( Figure 1 ). [9] [10] [11] [12] [13] [14] [15] [16] One popular chemoepitaxy process for lamellar line multiplication involves lithographically patterning thin stripes of polystyrene mat with width, w, and spacing L x , and backfilling the areas in between with a so-called "neutral" brush. The neutral brush is typically a PS-r-PMMA random copolymer with a molar fraction of PS, f PS , ~ 0.5. For optimal results, the PS stripes are spaced at an integer multiple of the pitch of the block copolymer, L 0 . In the past decade, there have been a large number of papers and reviews discussing the advantages and shortcomings of chemoepitaxy. As discussed by multiple authors, [12, [17] [18] [19] [20] [21] [22] the ability of the chemical pattern to form a defect-free array of vertical lamellae depends crucially on the width of the guiding stripe, w, the chemistry of the brush, film thickness, and the line multiplication factor. Because of the complexity of the system, it is very difficult to map out a universal "phase diagram". Previous modeling efforts included strong segregation theory, [23] Monte Carlo, [16] single-chain-in-mean-field, [19] and coarse-grained molecular dynamics. [24] Somewhat surprisingly, there has been little effort so far in applying selfconsistent field theory (SCFT) to study this problem, even though SCFT has been extensively applied to the related problem of lamellar morphologies in non-patterned thin films. [25] [26] [27] [28] In this paper, we present our initial efforts to study chemoepitaxy DSA using SCFT.
The paper is structured as follows. In Section 2, we describe the SCFT equations with modifications required to capture the chemical pattern. Then, in Section 3, the results are presented, showing the morphological changes as function of the chemical pattern design parameters. Finally, in Section 4, we summarize the results and outline next steps in this research.
Self-Consistent Field Theory -Model Description
The application of SCFT to block copolymers has been extensively described elsewhere, [29] [30] [31] and we refer the readers to these publications for more details. Within SCFT, it is assumed that all polymer chains are flexible and can be described by Gaussian "random-walk" statistics. The overall partition function of the multicomponent polymer system is written as:
Here, φ denotes local volume fractions of various species (e.g., PS or PMMA), W denotes conjugate (chemical potential) fields, and ξ is the "pressure" field that enforces incompressibility. Functional F is the Hamiltonian; its functional form depends on the composition of the system. For the problem of chemoepitaxy for a single PS-PMMA diblock, F can be written as: Here, subscripts A and B denote two blocks of the diblock copolymer (A == PMMA, and B == PS); subscript R denotes the brush covering most of the surface, g stands for guiding stripe (PSpreferential), and subscript a denotes air.
Functional integral (1) is generally intractable analytically or numerically; the mean-field approximation is then used to find the "saddle point" of the Hamiltonian (2) with respect to local densities of blocks A (Õ A (r)) and B (Õ B (r)); chemical potential fields w A (r) and w B (r); and the pressure field ¾ (r). The densities of all other species are set at the beginning of the simulation as boundary conditions and remain unchanged. We then use the iterative Picard method to solve for Õ A (r), Õ B (r), w A (r), w B (r), ¾ (r). The densities of species a, g, and R do not change over the course of a simulation and are given as follows (for the two-dimensional simulation in the XZ-plane, see Figure 2 ): Here, L x = P (the pitch of the written pattern); w is the width of the stripe, and ∆ is the width of the interfacial region between the brush and the guide (here we take ∆ = 1 lattice unit).
In this study, we will restrict ourselves to the case of a single PS-PMMA symmetric (f A = 0.5) monodisperse diblock with M n = 50 kg/mol. [32] Based on the estimates of χ PS-PMMA given in the literature [33] , we estimate the segregation χN H 19.
The equilibrium lamellar period is estimated as L 0 H 26-27 nm (based on the reported value of L 0 = 25 nm for the symmetric PS-PMMA with M n = 44 kg/mol) [16] 
Results and Discussion
To begin with, we simulate the bulk lamellar structure and attempt to determine the bulk lamellar period, L 0 . This initial step is necessary to correctly select the mesh size in future simulations of thin films (the box size needs to be an exact multiple of the lamellar period L 0 in order to promote perpendicular alignment of the lamellae). In this analysis, we fix the mesh size dx = 0.125R g H 0.76 nm, and perform one-dimensional simulations with varying box size. In Figure 3 (4) where g 0 is the free energy at equilibrium, and κ is given by: We now consider the influence of the stripe width on the morphology. The simulations are performed as follows. For a selected multiplication, n = P/L 0 , we vary the PS-stripe width in a wide range. The initial conditions in this simulation are uniform with small random noise. For stripe width w H 0.5L 0 , the resulting morphology always (independent of P/L) turns out to be perpendicular lamellae, with PS-lamella in the center aligned with the PS-stripe in the center. We save the chemical potential fields and pressure configuration after 10,000 iterations and call these "positive" morphology. Separately, we perform a similar calculation but with the central stripe being PMMA-like; again, results are saved after 10,000 iterations and called "negative" morphology. Next, we run two separate SCFT simulations for each stripe width w, using "negative" and "positive" morphologies as initial conditions. Those are also run for 10,000 iterations. Afterwards, we compare free energies of the two states and plot the difference between the two as function of w. The use of positive versus negative initial morphologies is a valuable tool for evaluating the effect of pitch multiplication. Starting with a positive morphology, one would expect very little change as the simulation proceeds. If one starts from a negative morphology, at low degrees of multiplication, the templating causes substantial rearrangement of the block copolymers. With higher degrees of multiplication, the directing force of the stripe acts on a smaller fraction of the total volume. Then, one can expect that negative morphologies at high multiplication will not undergo a large scale shift, but instead, PS domains near the stripe will deform locally to cover at least part of the stripe.
The morphologies (PS-density map, shown in XZ-plane) are plotted in Figure 4 (a -"positive" morphology; b -"negative" morphology) for the case of 1X multiplication; Figure 5 for the case of 2X multiplication; Figure 6 for the case of 3X multiplication. The behavior seems to be fairly independent of the pattern pitch and primarily dictated by the width of the PS-stripe.
We can compute the free energy difference between the "positive" and "negative" morphologies as a function of the stripe width and the pattern pitch (or line multiplication). In Figure  7 , the free energy difference (per chain), f, is plotted as a function of the stripe width; where f < 0, "positive" arrangement (with PS domain in the center) is preferential, while f > 0 indicates preference for "negative" arrangement (with PMMA domain in the center). In general, the positive solution is favored for all w < L 0 , while the negative solution is likely favored for larger stripe width (we have not investigated that region in the current study).
The guide width corresponding to the maximum stability of the "positive" morphology is located at w 0 = (0.55 ± 0.05)L 0 , in excellent agreement with the results of Nealey and coworkers [16] . We also can see that as the pattern pitch P increases from 1X to 5X multiplication, the depth of the minimum at w 0 decreases as the inverse of the multiplication parameter n (Figure 8,  diamonds) . The straight line in Figure 8 is the fit through the data using the following equation: U = 0.159/n. Thus, if the 1:1 chemoepitaxy creates a free energy gain of ~0.159 kT/chain for the "positive" morphology compared to an alternative, the 3:1 pattern favors the "positive" morphology at about 0.055 kT/chain, and the 4:1 pattern only at 0.04 kT/chain. Thus, one expects that the defect Figure 9 . Left: Top View of a self-assembled film. Red are PS-lamellae, blue are PMMA lamellae. The film area is schematically divided into areas of size L 0 x L 0 , where L 0 is the lamellar period. It is assumed that these areas are non-interacting and "choose" whether to have "positive" or "negative" configuration according to Boltzmann's statistics, as shown on the Right. Defect Density, cm -2
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1.E-05 n probability would increase dramatically as the multiplication factor increases. We can estimate the upper bound on the "registration defect density" in the following way. Let us assume that the registration error is localized on a single line, and that the adjacent lines are not affected (this assumption is not unreasonable if one looks at morphologies on Figures 4-6) . In that case, one can compute the free energy cost of a registration defect per unit length of each line. To estimate the actual density of such defects, we still need to know the linear dimension of each defect. The simplest possible assumption would be to suggest that it should be on the order of L 0 so as to have enough room to incorporate two new interfaces. Thus, the total free energy of a defect would be estimated as the free energy difference per chain multiplied by the number of chains in a volume element HxL 0 xL 0 ( Figure 9) ; it is assumed that the neighboring elements do not interact, so that the probability of any element to flip from "positive" to "negative" is determined by the Boltzmann statistics. Given these assumptions, we can estimate the defect density (in cm -2 ), as shown in Figure 10 . This analysis predicts an increase in defect density as the line multiplication factor n increases from 1 to 5, from a low defect density of just 1x10 -4 defects/cm 2 for 1X multiplication to a somewhat high defect density for 5X multiplication of about 5000 defects/cm 2 . Actual experimental numbers for defect densities are likely lower as we did not include the energetic costs of grain boundaries or other interfaces in this estimate. The trend, however, is very real: going to 1X to 2X multiplication would increase the defect density by a factor approaching 10 5 ; from 2X to 3X, by another factor of 40; from 3X to 4X, by yet another factor of 5. It will become very interesting to compare these predictions to experimentally derived defect densities when the experimental values become available from meticulous fullwafer studies. (We note that our calculated values are in reasonable agreement -within one order of magnitude --with preliminary measurements of Bencher et al. [35] who estimated the density of DSA defects for 3X chemoepitaxy of 12 nm halfpitch PS-PMMA at 25 defects/cm 2 or less). These results provide some guidance to the "ideal" behavior of block copolymers in the case of chemoepitaxy.
Certainly, more detailed exploration should involve the analysis of morphology dependence on the film thickness, block copolymer molecular weight, block copolymer composition and polydispersity, among others. Furthermore, even for the case considered here, one should explicitly consider the cost of defects (e.g., islands or dislocations), as well as the impact of the variations in the guide width. These will be the subject of future studies.
Conclusions
We applied Self-Consistent Field Theory (SCFT) to study the morphology of symmetric block copolymers in chemically patterned thin films. For the case of symmetric PS-PMMA block copolymers, we analyzed the dependence of the morphology on the width of the guiding PSpreferential stripe and the overall pitch (multiplication factor) of the chemical pattern. It was shown that the "best" patterns could be obtained when the guiding line width w = (0.5-0.6) L 0 , in excellent agreement with earlier Monte Carlo simulations of Nealey and co-workers [16, 36] . We also computed the free energy difference between the "positive" and "negative" DSA patterns and found it to be inversely related to the multiplication factor (as one would intuitively expect). These results provide important guidance to the design of brushes and block copolymers for chemically patterned DSA.
Going forward, we plan to expand our simulations to 3D case and explicitly study the formation of various defects (islands, line breaks, dislocations, etc.). After finding the lowest-energy defects, we can then estimate the defect density and determine whether chemoepitaxy DSA under particular conditions could be feasible. We can also consider the guide width variability and investigate how it impacts the line width roughness (LWR), line edge roughness (LER), and placement error. This computational analysis will help speed up formulation screening and thus dramatically shorten the development time for new DSA applications.
